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ABSTRACT Ultrafast time-resolved resonance Raman spectra of carbonmonoxy hemoglobin (Hb), nitroxy Hb, and deoxy
Hb are compared to determine excited state decay mechanisms for both ligated and unligated hemes. Transient absorption
and Raman data provide evidence for a sequential photophysical relaxation pathway common to both ligated and unligated
forms of Hb* (photolyzed heme), in which the excited state 1Q decays sequentially: 1Q3Hb*I3Hb*II3Hb ground state.
Consistent with the observed kinetics, the lifetimes of these states are ,50 fs, '300 fs, and '3 ps for 1Q, Hb*I, and Hb*II,
respectively. The transient absorption data support the hypothesis that the Hb*I state results from an ultrafast iron-to-
porphyrin ring charge transfer process. The Hb*II state arises from porphyrin ring-to-iron back charge transfer to produce a
porphyrin ground state configuration a nonequilibrium iron d-orbital population. Equatorial d–p* back-bonding of the heme
iron to the porphyrin during the lifetime of the Hb*II state accounts for the time-resolved resonance Raman shifts on the '3
ps time scale. The proposed photophysical pathway suggests that iron-to-ring charge transfer is the key event in the
mechanism of photolysis of diatomic ligands following a porphyrin ring p2p* transition.

INTRODUCTION

The photolysis of diatomic ligands from heme iron has been
used to study ligand rebinding kinetics and protein relax-
ation processes in a number of heme proteins. Extensive
comparisons of the rebinding kinetics of CO and NO have
been made in mutant myoglobin leading to insight into the
steric constraints to the ligand rebinding process (Carlson et
al., 1994; Petrich et al., 1994). Evidence for rapid protein
relaxation at ambient temperature has been presented (Jack-
son et al., 1994). Time-dependent x-ray structural studies
and low-temperature photoproduct structures of carbon-
monoxy myoglobin provide a structural picture that corre-
lates with these spectroscopic observations (Hartmann et al.,
1996; Schlichting et al., 1994; Srajer et al., 1996; Teng et
al., 1994). Studies of heme photophysics provide important
insight into the nature of photolysis as distinct from the
physiological process of thermal ligand dissociation. It is
desirable to understand whether local heating may affect
ligand trajectories and protein dynamics on the picosecond
time scale. Absorption band shifts in the heme that are
important for interpretation of protein relaxation processes
may have contributions from intramolecular vibrational re-
laxation and cooling (Gottfried and Kaiser, 1983; Kruglik et
al., 1997; Lian et al., 1994; Lim et al., 1996; Mizutani and
Kitagawa, 1997; Schneebeck et al., 1993; Sension et al.,
1993). These aspects are important for all diatomic ligand
recombination processes (CO, NO, and O2 recombination)
because protein relaxation is rapid compared to ligand re-

combination. However, there are important differences
among these ligands. NO geminate recombination is nearly
as rapid as heme photophysical relaxation and occurs es-
sentially on the time scale of protein relaxation in buffered
solutions at room temperature (Ahmed et al., 1991; Chance
et al., 1990; Petrich et al., 1988). Diatomic oxygen has an
extremely rapid recombination process for a minority pop-
ulation (25%). The origin of the differences in barriers to
recombination for the diatomic ligands is still not under-
stood. However, it is widely recognized that the CO and NO
serve as excellent probes of protein dynamics on time scales
from picoseconds to seconds. Studies of heme photophysics
(Cornelius et al.; 1983, Martin et al., 1983b; Petrich et al.,
1987) are key to understanding the nature of the barrier to
ligand rebinding (Franzen et al., 1995b; Walda et al., 1994)
and the mechanism of photolysis of diatomicp-acid ligands
(Hoffman and Gibson, 1978).

Previous studies have demonstrated that heme photo-
physics is similar in hemoglobin (Hb), heme proteins, and
heme model systems. All of these hemes exhibit two excited
states designated Hb*I and Hb*II (Baldwin and Chothia, 1979;
Franzen et al., 1995a,b; Martin et al., 1983a; Perutz, 1979;
Petrich et al., 1988). The data show that Hb*I is formed in
less than 50 fs and then decays to form Hb*II in 300 fs. The
lifetime of the Hb*II electronic state is roughly 3 ps followed
by recovery of the ground state. This electronic relaxation is
sufficiently rapid that intramolecular vibrational redistribu-
tion (IVR) and vibrational cooling occur on a similar (or
even slightly longer) time scale. Estimates for cooling and
IVR range from 3 ps to tens of ps (Gottfried and Kaiser,
1983; Kruglik et al., 1997; Lian et al., 1994; Lim et al.,
1996; Mizutani and Kitagawa, 1997; Schneebeck et al.,
1993; Sension et al., 1993). In photolyzed Hb*CO or
Hb*NO, any spectral differences observed on a time scale
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of longer than 10 ps can be attributed to conformational
effects of protein relaxation. However, the interpretation of
spectroscopic signals during the first 10 ps depends on the
ability to separate photophysical processes of the heme from
conformational effects. The first step in distinguishing pho-
tophysical processes from conformational contributions is
to compare spectra of ligated species to deoxy species.
However, differences in the photophysics of these species
may exist due to the larger excess energy in deoxy Hb as
compared with ligated hemoglobins. In photolyzed Hb*CO,
at least 20 kcal/mol (.6400 cm21) is needed to break the
Fe–CO bond (Keyes et al., 1971; Mills et al., 1979). Thus,
a significant fraction of the energy of a photon required for
excitation at 570 nm (17,500 cm21) is lost during the
photolysis event. In spite of this energy difference, the
electronic relaxation pathways of heme-CO and deoxy
heme are thought to be similar (Petrich et al., 1988). Both
the photodissociation of CO and the heme-iron movement
out of plane occur very rapidly (,50 fs) to create a species
that resembles deoxy Hb. Also, Hb*I transient spectra appear
on the same time scale as photolysis in both Hb*CO and
Hb*NO and the intensity and frequency of Hb*I in deoxy
Hb* is the same as in photolyzed Hb*CO and Hb*NO.
Although different in intensity, the similarity between the
Hb*II transient absorption bands in Hb*CO and deoxy Hb*
indicates that photophysical decay in both occurs by means
of similar pathways.

Femtosecond transient absorption spectra and sub-pico-
second (sub-ps) time-resolved resonance Raman spectra
presented here contribute to a new explanation of photolysis
and of the photophysical processes that contribute to the
rapid electronic relaxation of heme. Transient absorption
data presented here identify the short-lived electronic state
Hb*I as an iron-to-porphyrin ring charge transfer (CT) state.
The CT character of Hb*I may explain the ultrafast decay of
this state, but more importantly the charge transfer event
provides a mechanism for photolysis. The mechanism pro-
posed here explains the origin of the ultrafast intersystem
crossing that has been proposed to cause photolysis (Greene
et al., 1978; Waleh and Loew, 1982). The transition from
the p2p* state 1Q to the Hb*I charge transfer state has
precedence in spin cross-over reactions (Adams and Hen-
drickson, 1996; Adams et al., 1997; Sorai and Seki, 1974).
The CT process provides a driving force for the entropy-
driven spin state change. Stabilization occurs in the CT state
due to the stability of a high spin d5 Fe(III) in the CT state.
Time-resolved resonance Raman data show that the Hb*II
state consists of a high-spin heme iron, which is signifi-
cantly displaced out of the heme plane in both Hb*CO and
Hb*NO, even at 1 ps after photolysis. These data lead to the
hypothesis that the difference between excited state dynam-
ics of ligated and unligated hemes is not principally due to
heme geometry or iron spin multiplicity, but is likely due to
differences in the iron d-electron configuration that depend

on the different energies available following back electron
transfer.

METHODS

The Raman data described in this paper were obtained using a two-color
TRRR spectrometer with 700-fs Raman excitation pulse at 435 nm and a
100-fs pump pulse at 570 nm. The apparatus has been described in detail
elsewhere (Petrich et al., 1987). The Raman beam, which is in resonance
with the Soret band of hemoglobin at 435 nm, was generated by using the
frequency-doubled output of a chain of three amplifiers using laser dye
LDS867. The frequency bandwidth of the Raman beam was set by a 6-Å
bandpass filter centered at 870 nm. The amplifiers using laser dye LDS867
were pumped by the output of a frequency-doubled injection-seeded YAG
laser at 30 Hz. After frequency doubling to 435 nm using a KDP crystal,
the bandwidth of the Raman probe pulse was 25 cm21 and the pulse
duration was 700 fs with energies of 500 nJ/pulse. A bandpass filter with
a sharp cutoff below 437 nm was used as a Rayleigh filter for the Stokes
Raman spectra in the low frequency region.

The pump pulse used in these experiments was a 100-fs pulse centered
at 570 nm with an energy of 50mJ/pulse. The pulses were made collinear
using a dichroic mirror which had a high reflectivity at 570 nm at an angle
of 45° and a high transmissivity at 435 nm. Experiments were done in
which the pump intensity was reduced by one-half and one-quarter and the
signal size decreased proportionally with no detectable change in form. The
extent of photolysis (;50%) and signal linearity indicate that the pump
pulse intensities are about twice those used extensively in femtosecond
transient absorption measurements. The timing between pump and Raman
scattering pulses was determined using a parallel transient absorption
experiment in which the photolysis of a sample HbCO or deoxy Hb was
monitored.

Typical Raman samples consisted of HbNO, HbCO, or deoxy Hb,
which were 200–400mM in heme. Sample preparation has been described
elsewhere (Petrich et al., 1987). Intensity changes were obtained relative to
an internal standard of 1M Na2SO4 with a peak at 983 cm21, which could
be compared to the largest Raman bands of hemoglobin and myoglobinn7

at 674 cm21 and n4 at 1355 (1370) cm21 for deoxy and CO species,
respectively.

The data analysis procedure used to obtain relative intensities and
frequencies as a function of time consists of fitting the observed Raman
bands to a Lorentzian model,

LS~v! 5 A0F ASFG

p@G2 1 ~v 2 v0 2 vS!
2#

1
~1 2 F!G

p@G2 1 ~v 2 v0!
2#G, (1)

which is constrained to have the same center frequency,v0, and fwhm,G,
at all time points. However, the model allows for a time dependence of the
relative amplitude,AS due to photophysical processes and the time depen-
dence of the frequency shift relative to the center frequency,vS, for each
time delay of the photoproduct Raman band. In Eq. 1,F is the photolysis
yield andA0 is the amplitude of the reactant Raman band at equilibrium.As

is equal to the relative intensity of the photoproduct Raman band because
G is the same for all time points.

Single-wavelength transient-absorption kinetics were measured and
combined to obtain a schematic representation of time-resolved spectra on
the picosecond time scale. The time-resolved absorption spectrometer has
been described elsewhere (Petrich et al., 1988). In addition to single-
wavelength kinetics, we have obtained time-dependent spectra using an
EG&G cryogenic charge-couplied device (CCD) detector and a software
controller of local origin. For both single-wavelength and CCD-detected
spectra, the probe beam was split into a sample probe beam that passed
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through the sample and a reference beam that had a parallel trajectory
through air. The variations in the probe beam intensity were corrected by
taking the ratio of the probe to reference beam. In addition, the intensity of
the reference beam was monitored on a shot-to-shot basis and those shots
that deviated by more than 60% from the average intensity were not
included in signal averaging.

Calculations of absorption spectra and resonance Raman (RR) excita-
tion profiles were done using the program TIMETHERM (Shreve and
Mathies, 1995). This program uses the time-correlator formalism to cal-
culate RR excitation profiles at a selected temperature. Calculations of
absorption and Raman spectra are greatly facilitated by the measurement of
absolute RR cross-sections of deoxy Mb (Bangcharoenpaurpong et al.,
1984). The calculation at a given temperature is performed with the intent
of modeling the instantaneous Raman spectrum at a given time, and hence
a given temperature in a hot molecule. Calculations of nonequilibrium
distributions were carried out using the sum-over-states formalism (Myers
and Mathies, 1987; Shreve and Mathies, 1995).

RESULTS

Time-resolved resonance Raman measurements

Time-resolved RR spectra comparing HbCO and HbNO are
shown in Fig. 1. The 505-cm21 Fe–CO stretching mode
(Armstrong et al., 1982; Tsubaki et al., 1982) shows an
intensity decrease (negative feature in the difference spec-
trum) at all three delay times (1, 3, and 10 ps). The intensity
changes in this mode serve as an internal calibration of the
photolysis yield and the zero time of the pump-probe over-
lap. In the HbNO ground-state spectra, there is no observ-
able intense Hb–NO stretch or Hb–N–O bending mode. The
increase in intensity of two modes at 225 and 304 cm21 in
both HbCO and HbNO is an indication that the heme iron
has moved out of the heme plane within 1 ps after the
photolysis flash (Argade et al., 1984; Findsen et al., 1985;
Nagai and Kitagawa, 1980). The equilibrium spectrum of
HbNO differs from that of HbCO in the low-frequency
region. The feature at'265 cm21 in the equilibrium HbNO
spectrum in Fig. 1B is similar to a feature seen in the
equilibrium MbCO spectrum (Choi and Spiro, 1983;
Tsubaki et al., 1982; Wells et al., 1991) and the Hb*NO
difference spectra bears a resemblance to Mb*CO differ-
ence spectra (Franzen et al., 1995a). Using then7 band at
674 cm21 as an internal standard, there is no significant
frequency shift or reduction in the intensity of the low-
frequency modes in Hb*NO until NO geminate recombina-
tion begins to occur on the 10-ps time scale. The justifica-
tion for use ofn7 as an internal standard for comparison of
the intensities of low frequency modes has been presented
in a previous paper (Franzen et al., 1995a).

A comparison of then4 band shift in Hb*CO and Hb*NO
is shown in Fig. 2. Several experiments have shown a
time-dependent frequency shift of the electron density
marker mode,n4 (observed at 1355 cm21 in deoxy Hb) for
photoexcited deoxy Hb*, and photolyzed Hb*CO and
Mb*CO within the first few picoseconds after photoexcita-
tion (Franzen et al., 1995b; Li et al., 1992; Petrich et al.,
1987). Then4 or electron-density marker band is a sensitive

probe of the electrostatic environment of the heme iron. The
n4 band shift in Hb*CO due to heme photophysics has a
maximum value of'4 cm21 at 1–2 ps after a photolysis
flash, and is significantly smaller than the deoxy Hb* band
shift of .7 cm21. The time constant for relaxation of the
frequency shifts is'3–4 ps. As seen in Fig. 2, similar
frequency shifts of then4 band are seen in Hb*NO and
Hb*CO at the 1, 2, and 10-ps time delays. Although the
rapid recombination of the NO ligand makes it difficult to
quantify the relaxation of then4 band beyond 1 ps in
Hb*NO, it appears based on the 1- and 2-ps time points that

FIGURE 1 Time-resolved RR spectra of the low-frequency region of
HbCO and HbNO. (A) The top spectrum obtained at a delay of25 ps is the
equilibrium HbCO resonance Raman spectrum. Raman difference spectra
D(HbCO att ps2 HbCO at25 ps) are shown for delay times of 1, 3, and
10ps. (B) The top spectrum the equilibrium spectrum of HbNO obtained in
the same way as that of HbCO. Raman difference spectra are shown below
obtained under identical conditions to those of HbCO at delay times of 1,
2, 3, and 10 ps. The spectra were normalized to the intensity of then7

Raman band.
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both exhibit similar shifts in frequency ofn4 during the
lifetime of the state.

There is nearly uniform reduction of Raman intensities
across the Raman spectrum, which recovers to the original
intensity on the same time scale ('3–4 ps) as the decay of
the shifted frequency of then4 mode. The maximum reduc-
tion in intensity in time-resolved Raman spectra is'30% in
deoxy Hb*. Low-frequency Raman bands, such as then7

band and then(Fe-His) band of Hb*CO have a similar
intensity reduction to that of deoxy Hb*. By contrast, then4

Raman band of Hb*CO shows only about half as large an
intensity reduction (i.e., only 15%). The frequency ofn4 and
intensity ofn(Fe-His) on the 3–4-ps time scale indicate that
the heme iron is significantly displaced from the heme plane
in the Hb*II state in both Hb*CO and Hb*NO.

The observation of a uniform decrease in the RR scatter-
ing intensity with a 3–4-ps lifetime agrees with the obser-
vation of a decrease of scattering intensity between 2 and 5
ps observed using 8-ps pulses (Lingle et al., 1991). The
results agree further with Raman saturation experiments (Li
et al., 1992) in which a reduction in the Stokes scattering
intensity is observed and a shift of then4 band occurs in a
bottleneck state with a reported lifetime of;2.06 0.7 ps in
hemoglobin. Saturation Raman spectroscopy has also been
interpreted elsewhere in terms of a 4-ps lifetime for IVR in
heme (Alden et al., 1992, Schneebeck et al., 1993). The

intensity of the Raman beam used in the experiments re-
ported here was too low to allow ground-state equilibrium
anti-Stokes Raman bands to be observed.

Transient absorption spectra

Transient absorption spectra were studied by two methods.
First, kinetics at ten wavelengths were obtained for both
deoxy Hb* and Hb*CO. This method is most appropriate
for obtaining the time course at any given wavelength.
Time-dependent spectra were obtained using a CCD detec-
tor, which is most appropriate for obtaining the spectrum at
any given time. It is difficult to obtain a good ratio of the
probe and reference beam over a wide spectral range, and,
hence, the kinetics are slightly poorer with the CCD than
with a diode.

In previous studies using single-wavelength kinetics, a
shifted Soret feature with a 2.5–3.2-ps lifetime was ob-
served at 450 nm, shifted by 15 nm with respect to the
ground state Soret band of deoxy Hb (435 nm). The feature
was associated with the state called Hb*II. The proximity of
Hb*II band to the ground state Soret band leads to the
question of whether this feature is attributable to an excited
state or a hot ground state. The time-dependent shift in the
Soret absorption spectrum was studied to distinguish these
two scenarios.

The Soret band shifts were analyzed by two different
methods (Lambright et al., 1991). 1) The peak region was fit
to a polynomial to interpolate the 1-nm spectral resolution
of the CCD. The maximum of the polynomial was found to
accurately determine the time dependence of the band shift.
2) Singular value decomposition (SVD) was used to deter-
mine whether components that resemble the first derivative
(a band shift) can be identified. The time course of such an
SVD spectral component gives the time dependence of the
band shift.

The use of SVD in the analysis of CO recombination
kinetics and Soret band shifts on the nanosecond to micro-
second time scale in hemoglobin has been described (Hof-
richter et al., 1983). Since an earlier study on Hb*II, (Petrich
et al., 1988), there have been a number of papers that have
analyzed Soret band shifts in Mb*CO due to conformational
changes on a range of time scales from picosecond to
microsecond using SVD (Ansari et al., 1992; Lambright et
al., 1991).

Singular-value decomposition is useful when combined
with a kinetic model because it allows efficient fitting of a
large data set to extract the spectra of kinetic components.
The SVD procedure reduces the data matrixA(columns,
rows) 5 A(l, t) to n orthogonal basis components,

A~l, t! 5 UWVT. (2)

The columns ofU are basis spectra as a function ofl.
Associated with each column ofU is a weight or eigenvalue

FIGURE 2 Time-resolved resonance Raman spectra of the high fre-
quency region of HbCO and HbNO. The top spectrum in the left panel was
obtained at a delay of25 ps and is the equilibrium HbCO resonance
Raman spectrum. Raman difference spectraD(HbCO att ps 2 HbCO at
25 ps) are shown for delay times of 1, 2, and 10 ps. The top panel is the
equilibrium spectrum of HbCO and HbNO obtained under identical con-
ditions. Raman difference spectra are shown below for HbCO (——) and
HbNO(z z z z) at delay times of 1, 2, and 10 ps. The spectra were normalized
to the intensity of then4.
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in the diagonal matrixW and a time course in a row ofVT.
Only the first few spectra typically need to be considered
because the weight inW diminishes rapidly for higher
components. Those components whose weight in theW
eigenvalue matrix are greater than the noise are retained in
the fitting.

To extract information from the data, a selected number
of these time courses are fit simultaneously to sums of
exponentials or other appropriate kinetic model functions.
The firstN components ofVn

T can be simultaneously fit to a
sum ofM exponentials,

Vn
T~t! 5 O

m51

M

Cnme2kmt, (3)

or, more appropriately, exponentials with pulse deconvolu-
tion (Naganuma et al., 1989; Yamaguchi and Hamaguchi,
1995). (The chirp artifact due to the second-order cross-
phase modulation of the femtosecond probe pulse [Na-
ganuma et al., 1989; Yamaguchi and Hamaguchi, 1995]
produces non-negligible autocorrelation values for basis
spectra forn 5 3–5 [i.e., there are spectral features not due
to the photoexcitation of myoglobin, but rather cross-phase
modulation of the pump and probe in the solvent at zero
time]. The first-order dispersion was corrected by a pair of
prisms resulting in a second-order [parabolic] dispersion in
the sample. The minimum in the parabolic dispersion was
centered at 450 nm and the chirp was less than 100 fs over
the spectral range 430–470 nm. The second-order [parabol-
ic] chirp over the entire spectral range from 400 to 500 nm
was 800 fs. The time courses, which correspond to these
basis spectra, are oscillatory and decay to within,1 ps,
indicating that these chirp artifacts do not contribute to the
kinetics of Hb*II. From the absence of oscillatory features in
componentsn 5 1–2, it appears that the SVD components
n 5 3–5 have little or no spectral signature of Hb*II, although
small distortions are possible due to the short lifetime of this
electronic state.) The fitting procedure used in Eq. 3 invokes
nonlinear simplex fitting for the exponential parameterskm,
and linear least squares fitting for the coefficientsCnm.
From the matrix of coefficients,Cnm, we generate the spec-
trum Sm(l) of each of them exponential components,

Sm~l! 5 O
n51

N

CnmUn~l!. (4)

The U basis spectra for photoexcited Hb*CO and deoxy
Hb* are shown in Figs. 3A and 2B. TheU1 component of
the deoxy Hb* species resembles the first derivative of the
Soret absorption spectrum, which indicates the Soret band
shift. TheU2 component has the broad absorption band of
Hb*I peaked near 478 nm. TheU1 component of Hb*CO
consists of an increase in absorbance at 418 nm, a shift in
the Hb*CO Soret band, and an absorbance increase between

460 and 500 nm that has been associated with Hb*I in
previous work (Petrich et al., 1988). The time courses,Vn

T,
which correspond to each of theUn basis spectra, are shown
in Figs. 4A and 3B for Hb*CO and deoxy Hb*, respec-
tively. Although a biexponential model gives an inferior fit
to these data, the parameters that correspond to the fit are
similar to those obtained from single-wavelength data (see
Table 1). Fits to the data using a three-exponential sequen-
tial model represent the data well (Eq. 3) and are shown as
solid lines. Rate constants (km) and coefficients (Cnm) are
given in Table 2. The time constants of the decay of the
shifted Soret band in the three-exponential fit are 1.4 and
5.5 ps instead of a single component of 2.5–3.2 ps observed
in the biexponential fit. The spectra that correspond to each
of the exponential decays (Eq. 4) are shown in Figs. 5A and
4 B for HbCO and deoxy Hb, respectively. In both deoxy

FIGURE 3 Basis spectra from singular value decomposition of time-
dependent spectra of Hb*CO and deoxy Hb*. The data set extended from
400 to 500 nm with time delays every 100 fs from 0 to 9 ps after the
excitation flash. (A) The U1 and U2 components from SVD analysis of
Hb*CO. (B) The first two U components from the SVD analysis of deoxy
Hb*. The eigenvalues of the U3 and higher components were less than 1%
of those of U1 and were not considered in the analysis.
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Hb* and Hb*CO, the 250-fs exponential component has a
broad absorption with peak at 478 nm that has been attrib-
uted to Hb*I. There is an increase in absorbance at 418 nm in
Hb*CO that is not seen in deoxy Hb*. The 1.4-ps compo-
nents of both deoxy Hb* and Hb*CO are shifted Soret
bands. The 5.5-ps component of Hb*CO has roughly the
same shape as the 5.5-ps component in deoxy Hb*; how-
ever, it is shifted so that the zero crossing is at 430 nm
(rather than near the peak of the deoxy Soret band at 435
nm). Whether fit to two or three exponentials, the amplitude
of the shifted features in the 1.4 and 5.5-ps components is

five times smaller in Hb*CO than in deoxy Hb*, which is in
agreement with a previous assignment (Petrich et al., 1988).

SVD was applied to single-wavelength data sets consist-
ing of kinetics obtained at 10 different wavelengths as well.
As above, two basis spectra (and time courses) adequately

FIGURE 4 Basis time courses for Hb*CO and deoxy Hb*. The time
courses V1,2

T correspond to the first two basis spectra U1,2. The solid lines
drawn through the data are fits to a sum of three exponentials (Eqn. 2)
including pulse deconvolution for the 80-fs cross-correlation time. (A) The
V1,2

T components for Hb*CO are shown. The data show an overall net
change from ligated HbCO to an unligated spectrum. There is negligible
CO recombination on the 9-ps time scale shown. (B) The V1,2

T components
for deoxy Hb* are shown. The overall decay corresponds to the relaxation
of deoxy heme to the ground state.

TABLE 1 Parameters for simultaneous fit of singular value
decomposition components to a biexponential model

Component 430 fs 3.1 ps Baseline

Error (6110 fs) (60.4 ps)
HbCO

V1 20.163 0.017 0.148
V2 0.154 0.011 20.008

Deoxy Hb
V1 0.006 0.170 —
V2 0.375 20.077 —

TABLE 2 Parameters for simultaneous fit of singular value
decomposition components to a three-exponential model

Component 250 fs 1.4 ps 5.5 ps Baseline

Error (680 fs) (60.2 ps) (60.6 ps)
HbCO

V1 20.160 0.163 0.001 0.144
V2 0.113 20.019 0.052 0.000

Deoxy Hb
V1 20.139 0.062 0.173 —
V2 0.394 20.057 0.054 —

FIGURE 5 Spectral components of the three exponentials required to fit
the Hb*CO and deoxy Hb* data. The spectra were calculated from a linear
combination of the basis spectra as described by Eq. 3. (A) Spectral
components for the Hb*CO data. The solid line represents the difference
between the pre-flash HbCO equilibrium spectrum and the spectrum at 9
ps, which is essentially a deoxy Mb spectrum. The remaining components
represent relaxation processes that occur with single exponential time
constants indicated. (B) Spectral components for deoxy Hb*. Relaxation to
the deoxy Hb* ground state is essentially complete by 9 ps. Therefore, the
three components indicated represent phases of relaxation toward the
deoxy Hb ground state.
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represented the entire data set. The SVD time courses of 10
kinetic traces fit simultaneously were well fit by a biexpo-
nential model for deoxy Hb*, and a biexponential including
a baseline for Hb*CO (data not shown) confirm previous
results (Petrich et al., 1988). A component that decays with
a time constant'300 6 70 fs was assigned to Hb*I, and
second component that decays with a time constant'2.96
0.4 ps was designated Hb*II. The Hb*I component haslmax at
478 nm and is observed with approximately the same rela-
tive magnitude in both Hb*CO and deoxy Hb*. By contrast,
the magnitude of the Hb*II component, withlmax at 450 nm,
depends on the ligation state of the heme. The magnitude of
the component due to Hb*II in Hb*CO is at least a factor of
five smaller than that in deoxy Hb*, which is in agreement
with the spectra presented above and with previous mea-
surements (Petrich et al., 1988).

We applied a polynomial fit to the peak region of the
spectral data for the Soret band in both deoxy Hb* and
Hb*CO. The position of the peak, along with a fit to an
exponential with a lifetime of 2.2 ps are shown in Fig. 6,A
and B, for Hb*CO and deoxy Hb*, respectively. On time
scales longer than 10 ps, there is a residual shift of'5 nm
in Hb*CO to lower energy than deoxy Hb* that arises from
conformational strain. This shift is seen in Soret band shifts
on the'50-ns and'1-ms time scale associated with protein
structural relaxations before the R3T transition, which
occurs on the 20-ms time scale (Hofrichter et al., 1983).

Calculation of resonance Raman and
absorption spectra

Time-dependent spectral shifts appear in both the transient
Soret band and in the position of then4 band in the TRRR

spectrum. There is also a reduction in intensity in the TRRR
spectrum that decays with a time constant of'3 ps. Cal-
culations were performed to test whether picosecond time
dependence of the peak position of the Soret band and
changes in intensity of the Raman bands arise from vibra-
tional relaxation and cooling. The five strongest Franck–
Condon active modes of the ground state deoxy Soret band
were used for these model calculations (Bangcharoenpaur-
pong et al., 1984). The five modes used in the calculation
are 150, 216, 370, 674, and 1355 cm21 whose electron–
phonon coupling constants,S, of 0.04–0.09, 0.06–0.16,
0.02, 0.035, and 0.058, respectively, have been determined
by absolute resonance Raman cross-section measurements
(Bangcharoenpaurpong et al., 1984). The electron–phonon
couplingS5 D2/2. The nuclear displacement in the excited
state,D, is given in units of the root-mean-square displace-
ment of the zero point motion [Myers and Mathies, 1987].
Studies of spectral broadening in deoxy Mb have shown that
homogeneous [300 cm21] and inhomogeneous [400 cm21]
broadening is required to fit the Soret absorption lineshape
(Srajer and Champion, 1991). These values were used for
the model calculations.

The calculations as a function of temperature are intended
to represent the instantaneous spectrum of the heme mole-
cule at a given time during the cooling process. Calculations
of difference absorption spectra andDA(Thigh 2 Tlow) spec-
tra show spectral broadening of the Soret band with increas-
ing temperature (calculation not shown). The magnitude of
DA(Thigh 2 Tlow) decreases as the inhomogeneous broaden-
ing increases and is quite small for the Soret band with an
inhomogeneous linewidth of'400 cm21. It is possible that
the change in broadening could appear as a shift in the low
energy lobe of a broadened absorption spectrum. However,
even for an initial temperature of 1200 K, which corre-
sponds to a situation where all of the energy of an absorbed
photon remains in the Franck–Condon active modes of the
absorptive transition, the largest possible apparent shift in
the lobe of the Soret band is'100 cm21. This shift is too
small by a factor of five when compared to the experimental
results for deoxy Hb* (Fig. 6). The asymmetric shape of the
observed spectra in Fig. 5 does not appear to be that of an
equilibrated hot Soret absorption band. Calculations that
assume a nonthermalized distribution using a sum-over-
states formalism (Shreve and Mathies, 1995) can produce a
shifted (rather than broadened) Soret band, however large
values of the nuclear displacement inn4 (D . 1) must be
used. These calculations suggest a nonequilibrium distribu-
tion in which n4 is a bottleneck consistent with data ob-
tained elsewhere (Kholodenko et al., 2000; Schneebeck et
al. 1993).

The relative intensities in the time-resolved resonance
Raman data indicate that the heme is not simply hot, but
energy is trapped in certain modes on the picosecond time
scale. Figure 7 shows a simulated 300-K RR spectrum for

FIGURE 6 Peak position of the deoxy Hb* Soret band in photoexcited
HbCO and deoxy Hb. The equilibrium position of the deoxy Hb Soret band
is 22,980 cm21. (A) The shift of the photolyzed Hb*CO Soret band is
shown along with a fit to a single exponential component with a 2.2-ps
lifetime. (B) The shift of the photoexcited deoxy Hb* Soret band is shown.
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excitation at 435 nm (at the peak of the deoxy Hb Soret
band) based on the same five-mode model used for the
absorption spectrum calculation. Lorentzian lines with 17-
cm21 linewidths were used to simulate the actual Raman
spectrum. A comparison of RR temperature difference spec-
tra at 500–300 K and 800–300 K is shown in Fig. 7,B and
C, respectively. Although only the Stokes Raman spectra
are presented in Fig. 7, the magnitude of the intensity
changes at various temperatures is nearly the same on the
anti-Stokes and Stokes side. However, the intensity changes
have the opposite trend as a function of mode frequency. At
higher temperatures, the relative intensity of the high-
frequency modes increases for anti-Stokes spectra, whereas
it decreases for Stokes spectra. The calculated Stokes RR
intensities of all of the modes below 1000 cm21 increase as
the temperature is increased in the ground state. By contrast,
the experimental observations indicate that the intensities of
all modes decrease uniformly in the excited state (Li et al.,
1992; Lingle et al., 1991). The relative intensities are indic-
ative of a relatively larger degree of energy trapped in
high-frequency Franck—Condon-active modesn7 and n4

(Scheebeck et al., 1993). The question remains as to
whether the shift inn4 band seen in time-resolved resonance
Raman spectra arises from this nonequilibrium distribution
or from population of an excited state. In the following, it is
shown that the iron is trapped in a ligand field state on the
time scale of these relaxation processes. This state has the
appearance of the ground state if the porphyrin ring is
considered, (Kholodenko et al., 2000) but still has a non-
equilibrium population of iron d-states.

DISCUSSION

There are three experimental indicators of the photophysical
state of the heme relax on the 3–4-ps time scale: the Soret
absorption band shift, RR intensity reductions, and then4

mode frequency shift. There are two possible sequential
schemes that explain these features. In sequential path 1, the
path proceeds from1Q3Hb*I3Hb, where Hb is the vibra-
tionally hot ground state (Kholodenko et al., 2000). The
return to the heme ground state occurs with'300-fs decay
time of the Hb*I state (shown by the dashed arrow in Fig. 8).
In this pathway, the'3–4-ps component is the result of a hot
ground state. In sequential scheme 2,1Q3Hb*I3Hb*II3Hb,
the'3–4-ps phase is a heme excited state that may also be
hot (Alden et al., 1992; Li et al., 1992; Schneebeck et al.,
1993). A further possibility consists of a branched or par-
allel pathway involving decay from Hb*I to both Hb and Hb*II
as shown in Fig. 8 (Petrich et al., 1988). The following
discussion supports the hypothesis that Hb*I is a charge
transfer state and Hb*II consists of an excited iron d-electron
configuration formed by a sequential pathway of scheme 2.
This model resolves the contradiction between the numer-
ous interpretations of the experimental data. (Kholodenko et
al., 2000; Lim et al., 1996; Schneebeck et al., 1993; Li et al.,
1992; Petrich et al., 1988) The apparent difference between
deoxy and CO heme in the transient absorption spectra is
due to a difference in the d-orbital populations of the iron
during picosecond relaxation during the kinetic phase asso-
ciated with Hb*II. This may be viewed as a ground state with
incomplete intramolecular vibrational relaxation in the por-
phyrin ring. However, the difference between deoxy and
CO spectra is explained by differences in the iron d-states
during the picosecond relaxation.

FIGURE 7 Calculated RR spectra for excitation at 435 nm as a function
of temperature. The RR spectrum, calculated using the 5-mode model and
parameters in the text, is shown, for a temperature of 300 K. Raman
difference intensities for spectra at 300 K subtracted from calculated
Raman spectra at 500 K and 800 K, respectively, are shown as the bottom
two traces in the Figure. Similar results are obtained for other excitation
wavelengths.

FIGURE 8 Kinetic scheme for heme photophysical decay. Photoexcita-
tion to the1Q state is shown by the wavy arrow. Photolysis occurs on the
time scale of the rapid deactivation of1Q to the Hb*I state. The thick arrow
represents the possibility that an additional state is populated that cannot be
experimentally observed. The decay from Hb*I back to the ground state can
occur directly (dashed arrow) or by way of the Hb*II state (solid arrows).
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Metalloporphyrin-excited states and
valence tautomerism

Although the electronic relaxations of heme are extremely
rapid, certain features in the transient absorption and Raman
spectra bear a resemblance to spectra of metalloporphyrins
that relax by electronic processes that are orders of magni-
tude slower than heme. Specifically, the 450-nm absorption
band in Hb*II can be compared to excited-state absorption
bands of a large number of metalloporphyrins that appear at
slightly lower energy than the Soret band. Likewise, the
transient reduction in the frequency of then4 oxidation state
marker band in Hb*II can also be compared to similar shifts
in excited states of other metalloporphyrins (Kreszowski et
al., 1994). The states that have nanosecond lifetimes are
clearly S1 porphyrin states (eg(p*) states) as shown by the
transient Raman spectra of chlorophylls (Nishizawa et al.,
1989). In closed shell metalloporphyrins, these states decay
to the T1 porphyrin triplet states on the nanosecond to
microsecond time scale (Gentemann et al., 1993), Closed
shell Ni appears to decay via d–d excited states that have
transient open shell character (Findsen et al., 1988; Kim and
Holten, 1983). For Ni-porphyrins, both the transient Q-band
spectrum and then4 Raman mode are shifted to lower
energy during the lifetime of the excited state. If an open
shell metal, such as ruthenium (Ru) is the central metal in a
porphyrin-excited state, decay occurs by a charge transfer
mechanism (Levine and Holten, 1988; Rodriguez et al.,
1988) that also exhibits a shift inn4 to lower energy during
the excited-state lifetime (Vitols et al., 1995). However,
excited-state relaxation in Ru porphyrin is much slower than
in heme. The 4d-orbital energies are more widely separated
in energy by the Ru ligand field and are more weakly
coupled to the porphyrinp system than are the 3d orbitals
of iron, thus reducing the electronic coupling in charge
transfer decay channels. Analogy with Ru porphyrin pho-
tophysics suggests that Hb*I may be a [d,p*] CT state. In
contrast to Ru porphyrins, the [d,p*] CT (Hb*I) state in
heme lies below the [p, p*] state in energy. Moreover,
coupling between the CT state and ligand field states of the
metal is significantly stronger in heme than in Ru porphy-
rins, hence leading to the extremely rapid deexcitation of the
heme macrocycle. CT states have been investigated as the
pathway for deactivation of Co porphyrins based on the idea
that a Co(I)P1-excited state is formed from excitation of
Co(II)P (Tait et al., 1984). However, more recent studies
have shown that this is not the case, indicating possibly the
Co(III)P2 is formed instead (Loppnow et al., 1993). The
driving force for the spin transitions in these metallopor-
phyrins is likely similar to that observed in valence tautom-
erism in cobalt complexes (Adams et al., 1997). The large
entropic contribution to the coupling of charge transfer to
spin-state change is due to both the increase in the number
of spin states and a contribution of the vibrational entropy
(Sorai and Seki, 1974). Although not often noted, both of

these factors are present in metalloporhyrins (Ghosh et al.,
2000).

There are a large number of excited d–d states in iron
porphyrins. Several iron configurations are thermally pop-
ulated at ambient temperature (Eicher et al., 1976). The
model calculations presented in the section, Calculation of
Resonance Raman and Absorption Spectra, demonstrate
that temperature effects of the porphyrinp2p* system do
not explain the observed spectral intensities and frequency
shifts. Instead, we suggest that nonequilibrium population in
iron dp anddz2 orbitals may mix with theegp* LUMO and
thea2up HOMO, respectively, thus perturbing heme spectra
on the picosecond time scale. These factors may affect the
spectra in the Hb*II state in analogy with other open-shell
metalloporphyrins. In the following, we discuss the evi-
dence that the Hb*I state is a short-lived CT state based on
the precedent of metalloporphyrins. We then turn to the
possibility of parallel or sequential decay pathways of Hb*I
to either the ground state or Hb*II.

Hb*I is the photolytic state: valence tautomerism
versus vibronic coupling mechanisms

The 1Q3Hb*I transition is the first process observed after
photoexcitation or photolysis. The similarity of the Hb*I
absorption band between 460 and 500 nm for both unligated
and ligated forms of Hb* suggests that Hb*I is the same
electronic state in both ligated and unligated forms of Hb*.
Because there is no evidence for ultrafast return to the
ground state, and the fluorescence yield of heme is ex-
tremely low, (Adar et al., 1976) we conclude that the
quantum yield of Hb*I is nearly one in both Hb*CO and
deoxy Hb*. The broad spectral features of Hb*I in the near-
infrared region, (Lim et al., 1996) bleaching of the Soret and
appearance of a small band at 478 nm (see Figs. 3 and 5) are
consistent with formation of a porphyrin ring anion (Closs
and Closs, 1963; Gentemann et al., 1993). The spectra do
not resemble a ring cation (Dolphin and Felton, 1974), nor
are they consistent with a triplet state.

There are several problems with a hypothesis that Hb*I is
a 3[p, p*] porphyrin triplet state,3Q. Such a state would
require an ultrafast intersystem crossing, and it is also
doubtful that the spin–orbit coupling alone is sufficiently
strong to account for such a mechanism. The change of spin
from S5 0 to S5 1 or S5 2 coupled with an ultrafast CT
process implies a transition matrix element^1QuHuHb*I&,
where H is a hamiltonian that may include spin–orbit,
vibronic, and exchange terms. The symmetry of Hb*I and the
1Q [p, p*] excited state (1E in C4v) are related such that the
direct product ofG(1Q)G(Rz)G(Hb*I) is A1. We consider only
Rz (and notRx or Ry) because the orbital angular momentum
of the electron in the1Q state is in thex, y plane. Mixing of
1Q with 3,5Q is allowed because both states have E symme-
try and the EE direct product contains the irreducible rep-
resentation of the spin–orbit coupling operator,A2. How-
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ever, because photolysis occurs during or before the
formation of Hb*I, this hypothesis would almost certainly
require the3[p, p*] porphyrin triplet state to be the photo-
lytic state. Because this state involves no change in d-orbital
occupancy, this seems unlikely.

In Hb*CO, the dyz3a1u, a2u transition results in an
electronic configuration [(dxy)

2(dxz, dyz)
3(dx2x22y2)0(dz2)0-

(a1u, a2u)
4(e*g)

1] producing a ring anion with the symmetry
of the direct product EE5 A1 1 A2 1 B1 1 B2. If this charge
transfer were not coupled to a change in spin state, vibronic
coupling would be required. No vibronic coupling needs to be
invoked if a valence tautomeric (VT) spin change involving
dxz,dyz3dz2 or dxz,dyz3dx2-y2 preserves the excited state E
symmetry. The Hb*I is either [(dxz)

1(dxy)
2(dyz)

1(dx22y2)0(dx2)1-
(a1u, a2u)

4(e*g)
1] or [(dxz)

1(dxy)
2(dyz)

1(dx22y2)1(dx2)0(a1u, a2u)
4-

(e*g)
1].

A porphyrin cation would be formed by a ring-to-iron CT
[p*, d] transition. The two [p*, d] processes,e*g3dz2 and
e*g3dx22y2) are both energetically impossible. Both of these
CT transitions require changes in state symmetry that re-
quires vibronic coupling. Thee*g3dz2 transition would give
a [(dxy)

2(dxz, dyz)
4(dz2)1(dx22y2)0(dx2)0(a1u, a2u)

3(e*g)
0] con-

figuration, which hasA1 or A2 symmetry inC4v and a ring
cation. The operator responsible for mixing these states with
the Ep2p* excited-state configuration would have to be a
vibronic coupling operator/Q with A2 symmetry. Strong
vibronic coupling is conceivable for the charge transfer
transition that forms Hb*I because heme-doming mode and
iron—histidine-stretching modes are two modes ofA2 sym-
metry that are strongly and coherently excited after photol-
ysis, as demonstrated by femtosecond transient absorption
spectroscopy of deoxy and Hb*NO (Zhu et al., 1996).

In VT, the free energy required for the transition is
derived primarily from the entropy change. The increase in
the entropy arises from both the spin state change and the
increase in the number of low frequency modes. The ap-
pearance of low frequency Raman active modes in the
deoxy Hb* spectra is consistent with this type of mechanism.

For deoxy Hb*, the [p, p*] electronic configuration is
[(dxz)

2(dxy)
1(dyz)

1(dx2)1(dx22y2)1(a1u, a2u)
3(e*g)

1], which is a
5E configuration (Eaton et al., 1978). Here, VT cannot occur
because the heme is already high spin. However, the [d, p]
transition dz23a1u, a2u is symmetry allowed. One conse-
quence of the CT model is that the electronic configuration
of Hb*I [(dxz)

2(dxy)
1(dyz)

1(dz2)0(dx22y2)1(a1u, a2u)
4(e*g)

1]
is the same for both deoxy Hb* and Hb*CO, provided
that the dyz3dx22y2 transition occurs in Hb*CO. The
hypothesis that VT occurs in Hb*CO does exclude vi-
bronic coupling to axial out-of-plane modes such as the
iron– histidine stretch that can promote the CT process in
both Hb*CO and deoxy Hb*. Furthermore, a spin re-
arrangement to obtain a common configuration of
[(dxz)

1(dxy)
1(dyz)

1(dz2)1(dx22y2)1(a1u, a2u)
4(e*g)

1] for both
Hb*CO and deoxy Hb* will result in a reduction of elec-
tron–electron repulsion, which is consistent with Hund’s

rule. This hypothesis provides an explanation for a common
intermediate for Hb*CO and deoxy Hb* consistent with the
spectroscopic data (Figs. 3 and 5) and a mechanism for CO
photolysis.

The hypothesis that Hb*I is a CT state suggests a mecha-
nism for photolysis that has not been considered previously.
Earlier proposals have suggested electron promotion from
dp3dz2 coupled to simultaneous deactivation of the1Qp*
state to thep ground state as a mechanism for photolysis of
CO (Waleh and Loew, 1982; Zerner et al., 1966). Formation
of Fe(III) by charge transfer has also been mentioned as a
mechanism for CO photolysis, however this hypothesis was
not developed for lack of experimental data (Vogler and
Kunkely, 1976). The data presented here and other recent
data support the hypothesis that Hb*I is a CT state. It follows
that photolysis in Hb*CO may occur due to formation of an
intermediate spin CT state. For Hb*CO and Hb*NO, the
dp3a1u, a2u CT state results in destabilization of the
p-backbonding interaction between iron and the ligand.5

The destabilization of the Fe–CO bond is effected by re-
moval of bonding electrons from thedp orbitals (reduced
p-backbonding). As the Fe–CO bond length increases, the
energy ofdz2 orbital decreases due to the weakened ligand
field. In a rapid subsequent step, a second electron promo-
tion occurs on the iron atom from thedxz orbital todz2. This
step is promoted by stability of a half-filled shell ford5

Fe(III), which has an electronic configuration of
[(dxz)

1(dxy)
1(dyz)

1(dz2)1(dx22y2)1(a1u, a2u)
4(e*g)

1]. The VT
mechanism proposed here provides an explanation for the
rapid spin state change that must precede photolysis. The
mechanism works for Hb*O2 as well. The charge transfer
dz23a1u, a2u is symmetry allowed similar to the CT pro-
posed in deoxy Hb* and leads to destabilization of the
p-backbonding interaction between iron and bent O2.

The sequential decay hypothesis Hb*I3Hb*II3Hb

The hypothesis for a sequential decay pathway for deoxy
Hb* builds on data presented here and in a previous study
(Petrich et al., 1988). Although the absorbance of the
478-nm Hb*I band is nearly the same in Hb*CO and deoxy
Hb*, the intensity of the absorption band associated with
Hb*II for Hb*CO is 1⁄5 as large as the corresponding band in
deoxy Hb*. This difference has been interpreted in terms of
a sequential path1Q3Hb*I3Hb, where Hb is a hot ground
state (Kholodenko et al., 2000) and in terms of the parallel
pathway shown in Fig. 8 (Petrich et al., 1988). Parallel and
sequential pathways with one intermediate are shown in
Fig. 8 with the identifications, Hb[ 0&, Hb*I [ 1&, and
Hb*II [ 2&, so that the rate constant for the process
Hb*I3Hb*II is k12. The experimental rate constant for the
decay of Hb*I is kobs5 3.36 0.83 1012 s21. The same rate
constant is observed for the rise time for the state Hb*II in
deoxy Hb*, Hb*CO, and Hb*NO (Petrich et al., 1988) i.e.,
k12 ' 3.3 3 1012 s21. If a parallel decay pathway drains
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population from Hb*I (i.e., Hb*I3Hb*II and Hb*I3Hb), the
observed decay rate of Hb*I (kobs) is the sum of the rates for
the two processes,kobs 5 k10 1 k12, wherek10 is the rate
constant for Hb*I3Hb. If the parallel kinetic model is ap-
plied to explain the difference in the magnitude of Hb*II in
Hb*CO, the observed difference in the magnitude of Hb*II
can be interpreted in terms of yield,F 5 k12/(k12 1 k10).
Assuming that the extinction coefficient of Hb*II is the same
for Hb*CO and deoxy Hb*, and given the smaller magni-
tude of the 450-nm band in Hb*CO,F ' 0.2, and the
ground state Hb is formed with a rate constantk10 ' 4k12 in
a parallel model. However, as seen in the fits to the data, the
decay of Hb*I is identical in both deoxy Hb* and Hb*CO.
Therefore,k10 , k12/4 according to the kinetic data (given
the estimated experimental error of625% in the rate con-
stantkobs). There is a factor of 16 discrepancy between the
kinetic model and the relative magnitude of the observed
spectra if the parallel model is applied.

The parallel decay pathway hypothesis is based on the
idea that the yield of Hb*II is proportional to the observedDA
at 450 nm and that the extinction coefficient of Hb*II at
;450 nm is the same for all species. It is possible that the
difference in the transient spectra observed for Hb*II depends
on the differences in temperature between the deoxy Hb*,
Hb*CO, and Hb*NO species. Often, differences in temper-
ature are interpreted only in terms of vibrational energy, but
in hemes the population of excited iron d–d states may also
depend on the effects of temperature during a time-depen-
dent relaxation process (Rodriguez and Holten, 1989). A
resolution for the discrepancies in rate and quantum yield
discussed above can be found if the nature of Hb*II (and
hence the magnitude ofDA), which depends on the transient
effect of temperature on the population of excited iron d–d
states. According to this hypothesis, the sequential pathway
1Q3Hb*I3Hb*II3Hb is used for both Hb*CO and deoxy
Hb*. The apparent spectral differences in magnitude of the
450-nm band in the Hb*II state depends on the population of
excited iron d–d states during the lifetime of Hb*II. It is clear
from the time-resolved RR spectra that a similar relaxation
is taking place with a 3–4-ps time constant in both Hb*CO
and deoxy Hb* (Franzen et al., 1995b).

Hb*II is a temperature-dependent excited d–d
state of heme

Previous studies have shown that Hb*II is an electronic
excited state rather than a hot ground state (Petrich et al.,
1988). However, the differences in transient absorption and
resonance Raman of deoxy Hb* and Hb*CO suggest that
there is an effect of temperature on Hb*II that was not
detected in the early experiments. This effect has also been
detected in anti-Stokes RR data and has been interpreted as
incomplete IVR on the time scale of Hb*II (Alden et al.,
1992; Lingle et al., 1991; Schneebeck et al., 1993).

The hypothesis that Hb*I is a CT state (see “Hb*I is the
Photolytic State: Valence Tautomerism versus Vibronic
Coupling Mechanisms”) leads to the idea that formation of
Hb*II from Hb*I occurs by means of a back CT process on the
'300-fs time scale. The ring-to-iron CT transitions are
e*g3dyz and e*g3dxz, which leads to configurations of5E
symmetry, such as [(dxz)

1(dxy)
1(dyz)

2(dz2)1(dx222)1(a1u, a2u)
4z

(e*g)
0] and [(dxz)

2(dxy)
1(dxz)

1(dz2)1(dx222)1(a1u, a2u)
4(e*g)

0], re-
spectively. The splitting of thedp orbitals intodxz anddyz

that has been observed in ground state spectra of charge
transfer bands in deoxy Hb (Eaton et al., 1978) suggests that
the population of these states will depend on the tempera-
ture of the heme. The available spectroscopic evidence
suggests that the heme is cooling on the same time scale (or
even a slightly longer time scale) as the decay of the Hb*II
state (Lim et al., 1996; Mizutani and Kitagawa, 1997). The
spectral shifts in the transient absorption spectra and then4

vibrational mode on the'3–4-ps time scale are due to
time-dependent redistribution of the population of excited
iron d–d states in Hb*II and vibrational energy redistribution.
Our description of Hb*II as a porphyrin ground state porphy-
rin with an excited iron d-electron configuration is based on
the equatorial back-bonding model (Antipas et al., 1978),
which states that the change in population of the (dxz, dyz)
orbitals affects porphyrin absorption and Raman spectra by
means of overlape*g porphyrin orbitals. This model explains
why the Soret absorption maximum is affected andn4

frequency changes, but then(Fe–His) frequency does not
change because it is coupled to the porphyrin through thedz2

orbital whose population does not change on the 3–4-ps
time scale (Stavrov, 1993).

Ligand recombination does not depend on the
yield of Hb*II

A previous hypothesis for the variable quantum yield of
Hb*II was linked to the observation of variable ligand re-
combination yields. This hypothesis was based on an em-
pirical connection between the intensity of a transient fea-
ture in the Hb*II absorption spectrum (at 450 nm) and the
magnitude of the rapid phase of ligand rebinding kinetics.
However, the intensity of the Fe–CO stretching mode mea-
sured by TRRR does not recover on the'3-ps time scale,
providing evidence that CO does not recombine (Franzen et
al., 1995b). The TRRR data in Fig. 1 show that neither the
intensity nor frequency of then(Fe-His) mode is signifi-
cantly altered in Hb*CO or Hb*NO on the picosecond time
scale once it appears after photolysis when this mode is
normalized ton7 (Franzen et al., 1994). The normalization
to n7 accounts for the uniform change in intensity of all
Raman modes as the Hb*I state decays and any other fluc-
tuations in intensity resulting from experimental differ-
ences. The iron displacement out of the heme plane is nearly
complete during the lifetime of the Hb*II state, showing that
the heme iron position is not responsible for the fast phase
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of geminate NO recombination in Hb*NO. These results
suggest that the yield of Hb*II is unity for all ligand photo-
products and (deoxy Hb*) and that the differences in ligand
recombination rates arise from an intrinsic difference in
reactivity toward intermediate and high spin iron.

CONCLUSION

Examination of both transient absorption and time-resolved
RR spectra leads to confirmation of the sequential model for
excited state decay. After photoexcitation into the1Q state,
photolysis occurs in less than 50 fs (Petrich et al., 1988) and
depopulation of1Q in deoxy hemes occurs on a similar time
scale. We propose that Hb*I is populated directly from1Q by
a photoinduced-CT process driven by the vacancy in the
a1u, a2u HOMO. In Hb*CO, the entropy change associated
with an increase in spin multiplicity and population of low
frequency modes drives a process that leads to spin conver-
sion and destabilization of the bound CO ligand. We ad-
vance the hypothesis that VT is the mechanism for diatomic
ligand photolysis in heme, as opposed to a previously pro-
posed mechanism that involves a build-up of electron den-
sity in thedz2 orbital due to spin–orbit interactions between
the metal and the decaying1Q excited state. This proposal
explains the similar intensity of the 478-nm Hb*I band in
Hb*CO, Hb*NO, Hb*O2, and deoxy Hb*. The heme iron is
in the Fe(III) oxidation state with a similar spin state (S 5
5⁄2) in Hb*I for all species. The formation of Hb*I leads to
rapid photolysis ofp-acid ligands CO, NO, and O2.

Hb*II has an excited d-electron configuration on the iron
and a ground state porphyrin ring configuration formed by
a ring-to-iron back transfer from the Hb*I CT state. The
spectral features in Hb*II are explained as the result of
interactions of the ligand field with the porphyrin ring. The
transient population of Jahn–Teller splitting of thedxz and
dyz orbitals in Hb*II gives rise to changes in the electronic
properties of the porphyrin consistent with the observed
spectra, but that may vary in intensity depending on the
excess energy in the Hb*II state.

The TRRR data for both Hb*CO and Hb*NO show
similar frequencies and intensities for then(Fe-His) mode at
the 1-ps time delay. The data indicate nearly complete heme
out-of-plane displacement by the time Hb*II is formed. The
absence of a structural difference between the Hb*II and the
ground state in Hb*NO and Hb*CO means that differences
in ligand rebinding rates are intrinsic properties of the
ligand–iron potential energy surface rather than differences
in transient conformation (iron in-plane versus iron out-of-
plane). The sequential model involving the formation and
decay of CT states proposed for Hb*I and Hb*II presents a
cohesive explanation for the electronic relaxation of the
heme probed by the subpicosecond TRRR and transient
absorption data available for heme proteins.

The results provide an explanation for the fact thatp-acid
ligands, CO, NO, and O2, are photolyzed buts-donor

ligands such as imidazole (histidine), H2O, or pyridine are
not. The first essential step in photolysis is metal-to-ring
charge transfer from adp iron orbital to thea1u, a2u HOMO
on the porphyrin ring. The charge transfer process greatly
weakensp-backbonding interactions, but has no effect on
s-donor ligands. The charge transfer mechanism provides a
consistent explanation for photolysis in heme proteins.
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